Assessment of the contribution of distinct algal groups to phytoplankton biomass in oligotrophic lakes by marker pigments is compared with assessment by cell-counting biovolume estimates. Seasonal samples from an oligotrophic alpine lake (Redon, Pyrenees) mostly included species of chrysophytes, dinoflagellates, cryptophytes and chlorophytes. The chlorophyl a (Chl a) corresponding to each algal group was estimated using HPLC pigment analyses and the CHEMTAX program. Chl a estimates and biovolume showed a significant correlation for all the groups during the ice-free season except for chlorophytes. However, some of the samples from the initial phase of the ice cover presented a clear departure from the relationship during the ice-free period in most groups. On the other hand, the ratios between a specific marker pigment and the biovolume of the marked algal group were significantly constant within the photic zone (>1% surface irradiance) for most of the pigments and groups, including chlorophytes. Nevertheless, the ratios increased and showed a large variability for samples below the photic depth or below the ice cover. The violaxanthin-chrysophyte biovolume ratio presented an opposed tendency to other pigment-biovolume ratios, which increased in inverse proportion to the depth of the sample. The results are discussed in terms of methodological limitations, acclimation responses and species composition.
Assessment of the contribution of distinct algal groups to phytoplankton biomass in oligotrophic lakes by marker pigments is compared with assessment by cell-counting biovolume estimates. Seasonal samples from an oligotrophic alpine lake (Redon, Pyrenees) mostly included species of chrysophytes, dinoflagellates, cryptophytes and chlorophytes. The chlorophyl a (Chl a) corresponding to each algal group was estimated using HPLC pigment analyses and the CHEMTAX program. Chl a estimates and biovolume showed a significant correlation for all the groups during the ice-free season except for chlorophytes. However, some of the samples from the initial phase of the ice cover presented a clear departure from the relationship during the ice-free period in most groups. On the other hand, the ratios between a specific marker pigment and the biovolume of the marked algal group were significantly constant within the photic zone (>1% surface irradiance) for most of the pigments and groups, including chlorophytes. Nevertheless, the ratios increased and showed a large variability for samples below the photic depth or below the ice cover. The violaxanthin-chrysophyte biovolume ratio presented an opposed tendency to other pigment-biovolume ratios, which increased in inverse proportion to the depth of the sample. The results are discussed in terms of methodological limitations, acclimation responses and species composition.
I N T R O D U C T I O N
The direct measurement of phytoplankton carbon content is usually not possible in natural samples; therefore, phytoplankton biomass is estimated using other surrogates (Sournia, 1978) . Counting and volume assessment of cells by microscopy and measurement of chlorophyll a (Chl a) concentration are among the most commonly used methods (Smayda, 1978) . However, both methods have advantages and technical limitations. Microscopy provides detailed information on composition and diversity of phytoplankton assemblages. However, species volume measurement is laborious, highly dependent on the taxonomic skills of the researchers and the use of preserved samples. Fixation can alter cell volume depending on the species and the nature and concentration of the fixative used (Montagnes et al., 1994) . Furthermore, uncertainty is very high with small organisms (<5 mm). The development of techniques like epifluorescence microscopy (Daley and Hobbie, 1975) , electron microscopy ( Johnson and Sieburth, 1982) , chromatographic analysis of pigments (Abaychi and Riley, 1979) , flow cytometry (Olson et al., 1985) and immunofluorescence techniques (Shapiro et al., 1989) have substantially improved the study of the smallest plankton fraction, although analysis to the species level is still extremely difficult to achieve for picoplankton.
The analysis of pigments using high performance liquid chromatography (HPLC) facilitated the separation, identification and quantification of taxon-specific carotenoids or marker pigments. The chemotaxonomical classification of phytoplankton communities from the analysis of marker pigments allows the calculation of the relative abundance of distinct taxa ( Jeffrey et al., 1997) .
However, the conversion from pigment concentration to phytoplankton biomass is not straightforward because some marker pigments are shared between several algal groups (Rowan, 1989 ) and pigment per cell may change for a number of reasons (Capblancq and Catalan, 1994; Llewellyn and Gibb, 2000) . The ratio of Chl a to cell carbon or biovolume depends on a number of factors such as the taxonomic composition of phytoplankton, light intensity, growth rate and nutritional state (Kirk, 1994) . This dependence could lead to temporal and spatial decoupling patterns between Chl a and biovolume and reinforce the need to show some caution when interpreting phytoplankton biomass estimates from Chl a measures (Felip and Catalan, 2000) . Although cellular pigment were seen to be altered according to diverse factors, concentrations of carotenoids and chlorophylls in the cell vary in a similar way (Goericke and Montoya, 1998) ; thus, the ratio between them does not change as drastically as pigments may change in relation to biovolume. Therefore, to estimate the contribution of each algal group to the phytoplankton population, most methods use ratios between a given marker pigment and Chl a.
An early attempt to estimate the contribution of distinct algal groups using marker pigments was done by multiple linear regression analyses between marker pigments and Chl a (Gieskes et al., 1988) . This ad hoc method did not distribute total Chl a consistently between the groups and did not distinguish those with shared marker pigments. To overcome the lack of discrimination of the multiple linear regression approach, different methods have been proposed (Everitt et al., 1990; Letelier et al., 1993; Mackey et al., 1996) . The method chosen in the present study is a computer program for estimating class abundance from chemical markers using factor analysis (CHEMTAX) (Mackey et al., 1996) . The method works by algorithm iteration and requires an initial estimate of the marker pigment to Chl a ratios (input ratio matrix) appropriate for the algal classes that may happen to be in the sample. Therefore, before selecting pigments to be included in the input ratio matrix, it is convenient to perform an examination of samples by microscopy, if there is no other source of information about algal group composition. The program makes it possible to distinguish between algal groups with qualitatively identical pigment compositions by differences in pigment ratios and gives the best fit of contributions of the predefined taxa to total Chl a.
A necessary assumption for iterative methods like those used in CHEMTAX is that pigment ratios do not change significantly throughout the data set (Mackey et al., 1996) . However, ratios can change with physiological state and phytoplankton assemblage when irradiance and nutrient availability change (Goericke and Montoya, 1998) . Therefore, the method is usually applied to short experiments (e.g. grazing and light). To increase the applicability, distinct alternatives have been proposed considering certain pigment ratios (Schlüter and Møhlenberg, 2003) and dividing the samples into distinct groups. For example, groups have been defined depending on the sampling depth (Mackey et al., 1998) or the percentage of irradiance that reaches the depth of the sample (Descy et al., 2000) . In this study, however, because our main aim was a comparison with biovolume estimates, we did not divide our sample set in any way in order to evaluate better the causes of possible discrepancies between the two phytoplankton biomass estimates.
The main aim of this study was to examine the strengths and flaws of using marker pigments to assess phytoplankton algal group composition in oligotrophic lakes compared with the biovolume assessment by cell counting. Much of the knowledge of changes in freshwater phytoplankton pigment composition comes from temperate lakes lacking chrysophycean representatives that are particularly important in oligotrophic systems where cell growth is nutrient limited. Our approach provides further information on pigment ratio values and the pigment-biovolume relationship for freshwater oligotrophic systems.
M E T H O D Sampling site
Lake Redon (formerly Lake Redó) (42 38 0 N, 0 46 0 E) is an oligotrophic high mountain lake located in the Central Pyrenees (Spain) at 2240 m above mean sea level. It has a surface area of 24 ha and maximum and mean depths of 73 m and 32 m respectively. It is a dimictic lake which is usually covered by ice and snow for 5-6 months a year. During the ice-free period, the penetration of solar radiation is high, Secchi disk depths range between 15 and 20 m. During summer stratification the photic zone is deeper than the thermocline, allowing a deep chlorophyll maximum in the upper hypolimnion (Catalan, 1988) . At the beginning of the covered period, 1% of the surface incident radiation may reach a depth of 10 m (Catalan, 1992) . Later, snow accumulation on top of the ice cover blocks light penetration and limits photosynthesis. A full description of the physical and chemical features of Lake Redon during the study period can be found in Ventura et al. (2000) . Algae are the main component of the lake's microbial plankton biomass and chrysophytes the most abundant class (Felip et al., 1999) .
The lake was sampled at the maximum depth point every month from October to December 1996 and from June to December 1997. During both ice-free periods, the lake was stratified until the November sampling. In December 1996, a 20 cm thick layer of black ice covered the lake surface and a thermal inverse stratification was present. In contrast, in the December 1997 sampling, there was no ice cover yet and the water column was mixed throughout. Water samples were collected at 9-m depth intervals from 0 to 63 m using a Ruttner bottle. During the first year, samples for pigment analysis were taken at higher resolution (3-m intervals). We estimated the Chl a of each algal group using all available samples (n = 114) to maximise CHEMTAX performance. However, we used only the samples with the two measurements available (n = 64) to compare algal biovolume with pigment estimates.
The light environment
During the ice-free season, the light extinction coefficients were estimated from water transparency measurements with a Secchi disk. In December 1996, the percentage of incident light transmitted through the cover was estimated by reflection and extinction coefficients found in the literature (Catalan, 1988) . Light extinction coefficient enabled estimation of the percentage of the surface irradiance that reached each lake water depth [I(z)]. Samples belonging to a given mixing layer (epilimnion and the whole water column in December 1997) were assumed to receive a similar mean irradiance, estimated by averaging I(z) within the mixing layer. For samples in clear stratified layers (metalimnion, hypolimnion and under the ice samples) the I(z) values corresponding to the sample depth were assigned.
Phytoplankton counts and biovolume estimation
Samples for autotrophic picoplankton were preserved with formaldehyde and quantified by epifluorescence microscopy (MacIsaac and Stockner, 1993) . Abundance of phytoplankton was estimated using the Utermöhl method after fixation with Lugol's solution (Sournia, 1978) . Biovolume was calculated by shape assimilation to known geometric forms and by measuring the main cell dimensions (Sheat et al., 1975) . When size differences were observed within a species of phytoplankton, the individuals of that species were divided into several cell size classes in order to evaluate their volume more accurately. We grouped chlorophytes (volvocales, chlorococcales and desmidiales) because lower taxa do not have particular marker pigments.
Pigment analysis
Immediately after sampling, 3 L of water was filtered through Whatman GF/F glass-fibre filters (ø = 47 mm).
These filters were protected with aluminium foil and deepfrozen in liquid nitrogen to prevent degradation until laboratory analysis. Pigments were extracted from the frozen filters in 5-mL 90% acetone with an ultrasonic homogeniser (2 min sonication). The extract was filtered through Whatman ANODISC 0.1 mm (ø = 25 mm) and analysed by HPLC.
The HPLC system was equipped with a Waters 600E solvent delivery system, an autosampler Waters 717 set at 4 C, a C30 polymeric column (dimensions: 250 Â 4.6 mm, particle size: 5 mm; YMC Europe GmbH) protected with a precolumn with the same stationary phase and a Waters 996 photodiode array detector. The detector was set at 440 and 660 nm for carotenoid and phorbin peak integration respectively. Pigments were separated with a modification of the method described by Kraay et al. (1992) . After sample injection (40 mL of acetone extract), pigments were eluted by linear gradient from 100% solvent A (51:36:13 methanol:acetonitrile:MilliQ water, v/v/v) to 75% A and 25% B (70:30 ethyl acetate:acetonitrile, v/v) in 2 min and to 100% solvent B in 48 min followed by an isocratic hold of 5 min at 100% B. The flow rate was 1.3 mL min
À1
. The solvent composition was returned to initial conditions over a 5 min gradient, followed by 5 min of system equilibration before injection of the next sample. Pigments were identified by checking them against a library of pigment spectra obtained from several extracts of pure cultures of algae from the Culture Collection of Algae and Protozoa (CCAP; Windermere UK). Chl a, chlorophyll b (Chl b) and b,b-carotene standards were obtained from Sigma Chemical Co. Ltd. (UK). The extinction coefficients used for calculations were obtained from literature (Davies, 1976; Rowan, 1989; Jeffrey et al., 1997) .
Data processing
Because of the very low contribution of xanthophytes and cyanobacteria to the algal biovolume during the study period and the lack of signal of any marker pigment exclusive of these algal groups, we focused the study on chrysophytes, dinoflagellates, chlorophytes, cryptophytes and diatoms. The initial estimation of pigment ratios (input ratio matrix) was obtained from the average values of the range reported in the literature (Hager and Stransky, 1970; Mackey et al., 1996) . Chrysophyte pigment ratios were taken from Ochromonas sp. culture ( J-P. Descy, personal communication). Chlorophyll c1 (Chl c1) and chlorophyll c2 (Chl c2) were not always clearly identified with the chromatographic system used and were not included as marker pigments. Dinoxanthin and b,e-carotene were also excluded because they were detected in very low amounts and in few samples. Although it is well known that violaxanthin is present in chrysophytes and chlorophytes, there were conflicting reports on the diadinoxanthin and neoxanthin composition in chrysophytes (Bjørnland and Liaaen-Jensen, 1989) . In order to evaluate the effect of including these two pigments as marker pigments in chrysophytes, we included them initially in the input ratio matrix. After running CHEMTAX, the ratio values of these two pigments in the output matrix decreased to negligible values in the case of chrysophytes, indicating the almost null contribution of these pigments in the Lake Redon chrysophyte species. Therefore, we removed them as marker pigments of chrysophytes and used the input ratio matrix as summarized in Table I .
Numerical methods
To represent sample and algal group biovolume relationships in a low-dimensional space, we performed a correspondence analysis (CA) (Hill, 1974) . CA is an indirect unimodal ordination method that shows the major patterns in the algal group data, irrespective of any environment data. The ordination axes can be interpreted as theoretical gradients that best explain the algal group data. The unimodal model assumes that each algal group has the best performance around some environmental optima. First axis algal group scores and sample scores are assigned such that the weighted correlation between the two is maximised, where the 'weight' is the biovolume of the algal group. The second and higher axes also maximise the correlation but they are constrained to be orthogonal to the previous axes. Each ordination axis is an eigenvector and is associated with an eigenvalue. In CA, eigenvalues are correlation coefficients between algal group scores and sample scores. If algal group scores are standardized to zero mean and unit variance, the eigenvalues also represent the variance in the sample scores. Calculations were carried out with the CANOCO program (ter Braak, 1988) .
To identify the algal groups that shared a marker pigment and that explained a higher percentage of the variance in the marker, we performed a variance partitioning analysis using partial linear regression (Legendre and Legendre, 1998) .
R E S U L T S Phytoplankton composition
Dinoflagellates and chrysophytes were the dominant groups in terms of biovolume, whereas chlorophytes and chrysophytes were the main groups in terms of abundance and species number (Table II) . Cryptophytes were occasionally significant and xanthophytes and diatoms were poorly represented accounting on average for <0.2% of the total phytoplankton biovolume. Species with a higher contribution to phytoplankton biovolume in each algal group were: Stichogloea doederleinii and Ochromonas sp. (chrysophytes), Sphaerocystis schroeteri and Dictyosphaerium cf. subsolitarium (chlorophytes), Gymnodinium spp. and Peridinium inconspicuum (dinoflagellates), Cryptomonas ovata and Cryptomonas marsonii (cryptophytes), Fragilaria nanana and Aulacoseira spp. (diatoms) and Itsmochloron trispinatum (xanthophytes) ( Table III) . Autotrophic picoplankton was almost absent from Lake Redon during the study period, and only two genera of picocyanobacteria (Chroococcus sp. and Synechocystis sp.) were sporadically observed. More information regarding the Table I : Marker pigment to Chl a ratios. Input ratios were obtained from the literature (Hager and Stransky, 1970; Mackey et al., 1996) and output ratios were estimated with the CHEMTAX program JOURNAL OF PLANKTON RESEARCH j VOLUME 27 j NUMBER 1 j PAGES 91-101 j 2005 assemblage during the studied period can be found in Felip et al. (1999) . The CA analysis summarized the variability in the distribution of the distinct main algal groups (Fig. 1) . The percentage of variance associated with the first two axes was 60%. The first axis mainly reflected a depth gradient. Cryptophytes were more relevant in deep samples, whereas dinoflagellates were related to the shallowest layers. The second axis ordered the algal 
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Chrysococcus sp. Synechocystis sp. groups into those predominantly appearing during stratified periods (cryptophytes, dinoflagellates, xanthophytes, diatoms and cyanobacteria) and those relevant during both stratification and mixing periods (chrysophytes and chlorophytes).
Algal marker pigments
Pigments identified by HPLC analysis were Chl a, Chl b, Chl c1, Chl c2, lutein, neoxanthin, violaxanthin, fucoxanthin, peridinin, dinoxanthin, diadinoxanthin, alloxanthin and b,e-carotene. Two Chl a derivatives, pheophorbide a and Chl a allomers were also identified. The former was detected in surface samples taken in December 1996 below the recently formed ice cover and at deep layers in September 1997. Chl a allomers were also found in December surface samples of both years and in some samples of the stratified ice-free period. The method used in the chromatographic analysis provided good resolution between peaks (Fig. 2) . In particular, the method distinguished between lutein and zeaxanthin, as checked in chlorophyte culture samples. Nevertheless, zeaxanthin was below detection limits in our field samples. After calculations with the CHEMTAX program, most marker pigment to Chl a ratios increased in the output matrix in comparison with the input matrix provided (Table I) . The most notable changes were observed in the ratios of fucoxanthin (chrysophytes) and Chl b (chlorophytes), which increased 1.9-fold. The ratio decreased for neoxanthin and did not change for peridinin and diadinoxanthin.
Algal biovolume versus Chl a from CHEMTAX
A significant relationship between the Chl a estimated with CHEMTAX corresponding to each algal group and biovolume calculated from cell counts was found for chrysophytes, dinoflagellates and cryptophytes (Fig. 3a, c and d ). For chlorophytes (Fig. 3b) and diatoms no clear relationship was obtained.
For chrysophytes the typical Chl a content per unit of biovolume was 8.42 mg Chl a mm À3 (derived from the slope of the relationship). However, at the beginning of the ice-covered period a very high value (25.05 mg Chl a mm À3 ) was observed for the lake surface sample (Dec96-0 in Fig. 3a) . Ochromonas spp. and Dinobryon cylindricum were the dominant species in that sample.
For dinoflagellates a clear relationship could be established when the biovolume of the group was >0.1 mm 3 L À1 (Fig. 3c) ; below this limit most samples showed no pigment signal. For this algal group the amount of Chl a per unit of biovolume was also substantially higher (6.5 mg Chl a mm
À3
) in the surface layer at the beginning of the winter period (Dec96-0 in Fig. 3c ) than during the ice-free period (0.14 mg Chl a mm
). For cryptophytes, the ratio value was 3.15 mg Chl a mm À3 during the ice-free period. The samples at the beginning of the ice-covered period showed a higher ratio throughout the water column ($11.53 mg Chl a mm À3 ). Cryptomonas ovata was the main species throughout the study period and became exclusively dominant at the beginning of the winter period.
The Chl a content per unit of biovolume in chlorophytes was higher in some of the hypolimnetic samples than in the epilimnion (Fig. 3b) and the lowest values were found at the beginning of the ice-covered period. The relationship for diatoms was not investigated, because the cell count was very low throughout the studied period and there was no guarantee that resuspended dead individuals were clearly distinguished from living cells.
The marker pigment content per algal group biovolume
Changes in the relationship between Chl a from CHEM-TAX and group biovolume were further investigated looking at the ratios between specific marker pigments and the respective algal group biovolume and their relationship with the light environment estimated for the sample (Fig. 4) . The ratio values were calculated for the marker pigments with a higher contribution to a specified algal group. When markers were shared between different algal groups, a variance partitioning analysis using partial linear regression was performed to detect which algal group explained a higher percentage of the pigment variance (Table IV) . The results revealed that most of the variance in violaxanthin was explained by chrysophytes, whereas the chlorophyte influence was not significant. Dinoflagellates explained most of the diadinoxanthin variance, although in this case, the percentage of variance shared with chrysophytes was significant. In the case of fucoxanthin, the variance was largely explained by chrysophytes, whereas diatoms were not significant. Thus, violaxanthin and fucoxanthin were selected to calculate the ratios in the chrysophytes and diadinoxanthin in the dinoflagellates.
The variability of the ratio between a marker pigment and the biovolume of the marked group was low for the samples of the ice-free period within the photic zone (>1% irradiance) (Fig. 4) . The pigment-biovolume ratios for chlorophytes were (mean AEstandard deviation): 1.2 AE 0.93 mg lutein mm Absorbance (UA) Wavelength (nm) Fig. 2 . Example of a typical high performance liquid chromatography (HPLC) chromatogram showing peak detection by absorbance at l = 440 nm and peak spectra (sample from November 1996). When pigment identity was unknown, a code including retention time was used to label the peak in the chromatogram.
samples that tended to deviate from the most common values were those in the epilimnion, with the deviation increasing in direct proportion with proximity to the surface (Fig. 4) .
D I S C U S S I O N
The comparison between the Chl a from CHEMTAX and biovolume from cell counts does not have to be taken as a validation of either of the two methods, because neither of them is free of error. In our study, the relationship found between the two estimates was good for dinoflagellates, cryptophytes and chrysophytes, whereas discrepancies were more apparent for chlorophytes (Fig. 3) . The variability in the relationship between the two estimates can be due to a number of factors, which include methodological aspects, changes in the pigment per cell content due to photoacclimation and photoprotective responses and species changes in the assemblages. In studies on marine phytoplankton, it has been recently pointed out that the output from the CHEM-TAX program is highly dependent on the input ratios used (Henriksen et al., 2002) . However, in the assemblages of Lake Redon, we found that differences in Chl a distribution estimated with CHEMTAX were always <5% when the input ratio matrix was changed; this result agrees with other studies (Schlüter et al., 2000; Havskum et al., 2004) . On the other hand, the ratio values of the CHEMTAX output matrix were in the ranges of those found in the literature for living freshwater communities (Wilhelm et al., 1991; Soma et al., 1993; Descy et al., 2000) . In particular, the same authors reported alloxanthin to Chl a ratios close to 0.4 when C. ovata was present, which is consistent with most of our samples. Therefore, we do not expect that any major discrepancy between the two phytoplankton group estimators was due to shortcomings intrinsic to the CHEM-TAX method.
The agreement between the two estimates was independent to the depth or time of the year during the ice-free period, indicating a low influence of photoacclimation in the relationship. However, several of the samples from the beginning of the ice-covered season departed significantly from the general relationship, except in the case of chlorophytes. In those samples, the Chl a per biovolume increased, which could be interpreted as a photoacclimation response (Geider, 1987) . The increase in chlorophyll content per cell when light is limiting has been observed in algal cultures (Falkowski and Owens, 1980) and in natural populations (Desortová, 1981) . Why was the same response not found in the samples below the thermocline growing at similar or even lower irradiance values? The ratios between the marker pigments corresponding to each algal group and biovolume were also fairly stable for all samples within the photic zone (>1% surface irradiance) during the ice free period (Fig. 4) . Only in a very few samples below the photic zone did the ratios increase to levels similar to those found in surface layers below the ice. The lack of pigment increase per cell with decreasing light regime in the ice-free period can be interpreted as a consequence of the growth limitation by nutrient availability (Geider et al., 1997) . In contrast, the populations at the beginning of the ice-covered period did show a photoacclimation response in the form of an increase in pigment content per biovolume because these populations were growing in nutrient-replete conditions during the prior overturn mixing. We also could expect some discrepancies between the two estimates related to photoprotective responses in the pigment content per cell (Siefermann-Harms, 1987) , because of the high levels of near-surface damaging irradiance on alpine lakes (Laurion et al., 2000) . The only feature that could be interpreted in that sense was the variability of the violaxanthin-chrysophyte biovolume ratio, which tended to be higher in direct proportion to the sample's proximity to the surface (Fig. 4) . This could be an indication of the use of the violaxanthin-antheraxanthin-zeaxanthin cycle for photoprotection by the chrysophytes (Lichtlé et al., 1995) . However, the variability in the violaxanthin content per biovolume in the epilimnetic samples did not result in higher discrepancy between the two methods of chrysophyte estimation in the epilimnetic samples (Fig. 3) .
Finally, part of the variability could be attributed to species changes in the assemblages of the distinct algal groups. No clear relationships were found in that sense, although some aspects are worth mentioning. The lack of dinoflagellate pigment detection in a high number of epilimnetic samples of the stratified period could be caused by the dominance in these samples of mixotrophic species of Gymnodinium. The larger discrepancies found in the chlorophytes could be due to the fact that they were mainly represented by colony-forming chlorococcales species (S. schroeteri and D. cf. subsolitarium). Although cell abundance was high throughout the study period (Table II) , the biovolume was always low, because of the small cell size of the species involved. The probability of error when calculating biovolume from cell counts increases when the cells are small, change in size throughout their life cycle and form colonies (Wilhelm et al., 1991) . Some of the samples below the thermocline, which showed larger Chl a estimates compared to chlorophyte biovolume (Fig. 3) , presented a dominance of unicellular chlorophytes whether these were chlorococcales (Pseudoquadrigula sp., Monoraphidium sp.) or flagellated volvocales (Chlamydomonas spp.). Little change was observed in the species composition in cryptophytes along the study period, C. ovata being the highest contributor to total biovolume of the group. In the initial ice-covered period, the shift in the relationship between the two biomass estimators was evident in the shallowest sample of all flagellated groups except chlorophytes, and it was consistent throughout the water column in the case of cryptophytes. The microscopic images indicated that the chlorophyte assemblages consisted of decaying cells, whereas cryptophytes consisted of healthy cells, with large chloroplasts and full of reserve substances.
From our comparison, we can conclude that Chl a estimated with CHEMTAX is closely related to cell biovolume for chrysophytes, dinoflagellates and cryptophytes during the ice-free period in very oligotrophic lakes. However, the method may erroneously estimate the biovolume of chlorophytes when the values are low and assemblages contain colony-forming species. During the ice-free period, as an alternative to the CHEMTAX method, a simple constant ratio between some marker pigments and biovolume can be used for samples in a light regime with values >1% of the surface irradiance, which is of particular interest in the case of chlorophytes. Below the ice and probably for any low-irradiance and nutrient-replete circumstance, the Chl a estimated with CHEMTAX may overestimate biovolume if the relationship found for the ice-free period is applied. Our results suggest that, if some restrictions are considered, the CHEMTAX method can be useful in monitoring or experimental applications in oligotrophic lakes where the biovolume of the distinct algal groups has to be estimated for a large number of samples.
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